Abstract Reading the sediment record in terms of past climates is challenging since linking climate change to the associated responses of sedimentary systems is not always straightforward. Here we analyze the erosional response of landscapes on the Tibetan Plateau to interglacial climate forcing. Using the theory of dynamical systems on Holocene time series of geochemical proxies, we derive a sedimentary response model that accurately simulates observed proxy variation in three lake records. The model suggests that millennial variations in sediment composition reflect a self-organization of landscapes in response to abrupt climate change between 11.6 and 11.9 ka BP. The self-organization is characterized by oscillations in sediment supply emerging from a feedback between physical and chemical erosion processes, with estimated response times between 3,000 to 18,000 years depending on catchment topography. The implications of our findings emphasize the need for landscape response models to decipher the paleoclimatic code in continental sediment records.
Introduction
Understanding sedimentary responses of landscapes to climate forcing is the key to decode paleoclimatic information from sediment proxy records. Regional comparisons of proxy records often show differentiated long-term sedimentation patterns (Engstrom et al., 2000; Ott et al., 2017; Roberts et al., 2016; Wischnewski et al., 2011) , suggesting variable sedimentary responses of landscapes to climate forcing. This divergence of climate signals is commonly explained by site-specific fluctuations in sediment supply (Allen, 2008a; Jerolmack & Paola, 2010; Romans et al., 2016) . These fluctuations emerge from interactions between sedimentary processes in landscapes, such as feedbacks between the dissolution and erosion of regolith covers (Ferrier & Kirchner, 2008; Gabet & Mudd, 2009; Heimsath, 2012) or the incision and aggradation of alluvial surfaces (Dalman et al., 2015; Kim & Jerolmack, 2008) . Consequently, climatic perturbations can destabilize landscape configurations and induce variations in sediment supply, which reflect self-organizations of coupled sedimentary process systems rather than variations in external forcing. So far, attempts to identify interactions in coupled sedimentary process systems and their response times to external forcing focused on experimental and simulated landscapes (e.g., Armitage et al., 2011 Armitage et al., , 2013 Bonnet & Crave, 2003; Humphrey & Heller, 1995) . However, the heterogeneity of natural landscapes (Phillips, 2007) impedes the application of general erosion and transport laws for climate reconstructions.
A crucial step toward applicable sedimentary response models for climate reconstructions is the identification of models from sediment record observations. Holocene lake sediments offer ideal archives that RAMISCH ET AL.
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Key Points:
• We analyzed the propagation of climatic signals to Holocene sediment records of three well-studied Tibetan lakes in a dynamical system framework • Holocene variation in geochemical proxies mainly reflect site-specific landscape responses to abrupt climate change • Our results indicate a feedback between physical and chemical erosion processes on interglacial timescale record the interplay between sedimentary processes in their drainage basins, due to the good chronological control and wide geographical distribution. Here we analyze the sedimentary responses of erosional landscapes to interglacial climate forcing by comparing Holocene sediment records of three well-studied lake systems on the Tibetan Plateau. Using the theory of dynamical systems (e.g., Strogatz, 2001 ) on geochemical proxy time series, we derived a response model for sediment supply processes that accurately simulates Holocene variations in each record. The model is used to quantify interactions and response times of sediment supply processes at each site and to elucidate the propagation of climatic signals to the lacustrine records. We show that the diverging Holocene proxy records reflect site-specific responses in sediment supply to abrupt climate change at the end of the Younger Dryas cold period.
Data and Methods
We compared Holocene proxy records of three Tibetan lakes (Figure 1 ) that are situated in similar environmental conditions (supporting information S9): Lake Nam Co (NC), Lake Tangra Yumco (TY), and Lake Heihai (HH). All lake locations are influenced by the Asian Summer Monsoon circulation with main precipitation occurring during boreal summer. The semiarid climate conditions and high altitude cause a sparse Figure 1 . Study sites on the Tibetan Plateau including locations and drainage basins of the lakes Nam Co (NC), Tangra Yumco (TY), and Heihai (HH). Digital elevation models are based on Shuttle Radar Topography Mission data in 90-m resolution (Jarvis et al., 2008) . Frequency distributions of slope gradients (red bars) and flow distances (blue bars) are normalized to catchment areas (m = median). Surface topography differs considerably among the three drainage basins, which influences sediment transport to the core locations (white dot). Due to the strong topographic differentiation of the catchment area of TY, normalization is also indicated for northern subbasin only (m nb ).
vegetation cover characterized by alpine steppe around all lakes (Lu et al., 2010; Miehe et al., 2014; Müller & Kürschner, 2014) . All catchments are dominated by granitoid to metamorphic bedrock lithology (Akita et al., 2015; Kasper et al., 2012; Stauch et al., 2017) , with subordinate occurrences of carbonate outcrops at Lake NC (Kasper et al., 2012) and HH (Ramisch et al., 2016) . The main differentiation between the lakes is the topographic setting of the surrounding landscapes, which differ in slope gradients (TY > NC > HH) and the average distance for fluvial transport processes (NC > HH > TY) in the drainage basins (Figures 1b-1d) . This results in a high topographic efficiency for erosion and transport processes at TY, a moderate efficiency at NC, and a low efficiency at HH.
Generating Time Series of Sedimentary Processes
Nondestructive X-ray fluorescence (XRF) core scanning records are measured directly at the split core sediment surface and provide geochemical element intensity records (in counts per second). The XRF scanning record of HH was measured every 0.5 cm with 10 and 30 kV using an Avaatech XRF core scanner at the Alfred Wegener Institute for Polar and Marine Research in Bremerhaven (Germany). The sediment core records of HH, NC (Doberschütz et al., 2014; Kasper et al., 2012) , and TY (Ahlborn et al., 2017) provide intensity records of the eight elements Al, Si, K, Ca, Ti, Ca, Sr, and Rb.
Analyzing the variation in sediment compositions by using element intensity records (in counts per second) obtained by XRF core scanning can be problematic due to the poorly constrained measurement geometry (e.g., variable water content, grain-size distribution, or density) and nonlinear matrix effects (e.g., Tjallingii et al., 2007) . However, log-ratios of element intensities are linear functions of log-ratios of concentrations and provide the most easily interpretable signals of relative changes in chemical composition (Weltje & Tjallingii, 2008) . Additionally, log-ratios of element intensities are consistent with the statistical theory of compositional data analysis (Aitchison, 1982 (Aitchison, , 1986 , which allows robust statistical analyses in terms of sediment compositions . Therefore, prior to statistical analyses, element intensities (intensity I of sample i and element j for D elements) were center-log-ratio transformed by
We use a principle component analysis to explore the relative correlations and interdependencies between individual elements ( Figure S1 in the supporting information). The elements dominating the variance of the XRF records (PC1) have been selected for calculation of additive log-ratios (alr; intensity I of measurement i for elements j and k) by
The chronology for the alr time series of each lake was established using accelerator mass spectrometry 14 C dating on 24 bulk sediment samples for Lake NC (Doberschütz et al., 2014) , 27 bulk sediment samples for Lake TY Henkel et al., 2016) , and 19 samples of macro plant remains for Lake HH (Lockot et al., 2015) . The sediment record of Lake TY is interrupted by several event-related layers that impede a continuous age-depth association due to a disproportionate sediment accumulation in relatively short time intervals. Therefore, we used the event corrected composite depth scale of Lake TY as presented by Henkel et al. (2016) . 14 C dating approaches on the Tibetan Plateau are often hindered by pronounced reservoir carbon within the water column (Mischke et al., 2013) , causing an overestimation of radiocarbon ages due to the reservoir effect. Comparisons of paleomagnetic secular variations inferred from sediments of lake NC and TY with geomagnetic field models as well as optically stimulated luminescence dating of core samples (Long et al., 2015) suggest a nearly constant reservoir effect during the Holocene for Lake TY and Lake NC. Accelerator mass spectrometry 14 C dates and paleomagnetic secular variations within the record of Lake HH, in turn, indicate a gradual increase of the reservoir effect since~8.0 ka BP, leading to four probable age-depth relationships (models 1-4) inferred from a process and provenance modeling approach (Lockot et al., 2015) . This study uses age-depth relations provided by models 3 and 4 with an average reservoir effect between 3 and 4 ka, which is supported by comparisons between optically stimulated luminescence and 14 C dating of mid-Holocene high-stand sediments . Despite the reasonable correspondence between independent dating techniques in all records, we restrict our analysis to millennial variations.
Sedimentary Response Model Identification
To identify a suitable sedimentary response model from geochemical time series, we adapted a dynamical system approach. Dynamical system theory offers the mathematical framework to analyze the temporal evolution of systems that exhibit interactions between their subcomponents (called system variables) such as landscapes. For a comprehensive introduction to the field of dynamical systems, see, for example, Strogatz (2001) . Following the notation of Strogatz (2001) , the temporal evolution ( _ x≡dx=dt) of a system variable (x i ) is a function of the states of all system variables (x 1 , …, x n ), represented in the general mathematical system of coupled differential equations by
A convenient method to solve such a system geometrically (instead of analytically) is to visualize the temporal evolution of the system in a so-called phase space. The phase space is an abstract space, in which each axis represents all possible states of a system variable. Consequently, a point in phase space characterizes the states of all system variables at time t. The temporal evolution of the system will follow a trajectory in phase space, in which the geometry of the trajectory is completely determined by the interactions between the system variables.
Scalar sequences of measurements such as alr time series offer only a one-dimensional view on the underlying dynamics of a system. Packard et al. (1980) and Takens (1981) introduced and formalized a methodological approach to reconstruct higher dimensional phase spaces from one-dimensional time series. This standard approach for phase space reconstruction from a time series involves associating a scalar measurement at time t with past values to form a new state vector v ! t ð Þ. Specifically, we used this embedding-delay method to reconstruct the n-dimensional state vector v ! t ð Þ for alr(t) by n time delayed alr measurements:
with a fixed time delay τ. Although not identical, the reconstruction is guaranteed to preserve the topology of the full dynamics and enables conclusions on the general dynamical properties of the system (Bradley & Kantz, 2015) . Since applying equation (4) requires an evenly spaced alr time series, we resampled the original time series to 10-year resolution using a nearest neighbor interpolation. To estimate a suitable time delay τ that maximizes linear independence between the coordinates of v ! t ð Þ, we used the first root of the autocorrelation function of alr(t). The number of system variables n was estimated using the false nearest neighbor classification (Kennel et al., 1992) and provided by the cross recurrence plot toolbox (Marwan et al., 2007) for Matlab.
Results
The dominant variance of the XRF records (PC1; see supporting information Figure S1 ) reveals a similar correlation for all three lakes between allogenic siliciclastic sediments (Al, Si, K, Ca, Ti, and Rb) and authigenic calcites (Ca and Sr). This variation in the XRF data has been linked to the supply of clastic particles by surface runoff for lakes NC (Doberschütz et al., 2014; Kasper et al., 2012) and TY (Ahlborn et al., 2017) , whereas authigenic calcites precipitate within the lake. The variance within the siliciclastic elements (PC2) is probably related to the mineralogy and grain size of the detrital sediments in each lake. However, the main geochemical variations in all records are expressed by a negative correlation between the deposition of siliciclastic and authigenic sediments (PC1), which explain 73.1% (HH), 57.5% (TY), and 65.2% (HH) of total variance in the XRF records.
We analyzed variations in siliciclastic and authigenic sediment deposition in the temporal domain as represented by alr time series (alr(t)) for each element combination indicative for variations in PC1 (see supporting information Figures S2-S4 ). The Holocene sequences exhibit similar temporal patterns, albeit differing in timing. Starting at low values in all time series during the Early Holocene, alr increase and begin to oscillate between high and low values. These oscillations dissipate over time, causing a settling of values to a stable state of low variability. The main difference between the three sites is the period of oscillations (HH > NC > TY). Such site-specific oscillatory decay refutes a direct forcing of regional hydroclimate on sedimentation patterns but rather indicates dynamical responses in the millennial-scale sedimentary evolution.
The identification of a suitable response model for the site-specific sedimentation patterns was based on reconstructed phase space trajectories for temporal variations in PC1. We chose alr time series of Ti and Sr to represent temporal variations in PC1 in terms of geochemical variation due to consistent negative correlations between Ti and Sr in all three records (supporting information S1). The results of the false nearest neighbor classification of ln(Ti/Sr) time series indicate a minimum of two system variables needed to model Holocene variations in each record (supporting information S8). The reconstructed ln(Ti/Sr) trajectories show a similar geometry (supporting information S5), most clearly apparent in the trajectory of Lake NC presented in Figure 2 . The Holocene trajectory follows an inward spiral toward a fixed point near the origin. Inward spirals in two-dimensional phase spaces indicate an interaction between two processes, in which dissipation directs the dynamics toward a steady state of low variability. The dynamics around the steady state are consistent with a linear dynamical system of two coupled differential equations, which in its general form is given by
where a, b, c, and d are parameters quantifying the interaction between system variables x 1 and x 2 . The system will exhibit inward spirals toward a fixed point in phase space, if the parameter matrix
is characterized by a positive determinant (det(A) > 0) and a negative trace (tr(A) < 0) that satisfy tr(A) 2 À 4det(A) < 0 (Strogatz, 2001 ). The identified model accurately reproduces the Holocene dynamics in alr time series as indicated by the close correspondence between reconstructed ( Figure 2a ) and modeled ( Figure 2b ) trajectories of ln(Ti/Sr). To explore the role of external forcing in the response of the sedimentary systems, we formulated the general dynamical system (equation (5)) in a forcing-response structure. A standard forcing-response structure for linear dynamical systems is provided by linear time invariant (LTI) system models (e.g., Phillips et al., 1995) . LTI system models simulate the response of a given linear system to an arbitrary forcing signal by expanding the system model (equations (5) and (6)) with a forcing (u(t)) and output term (y(t)). We used a second-order LTI system model to reproduce geochemical variability in the records with simulated alr time series (y(t)≡alr sim (t)) in response to a change in external forcing u(t). The model is given in matrix notation by
where k denotes a factor to scale to the codomain of alr sim to record observations. An abrupt change in external forcing is provided by unit step function (u(t)) that is initiated at time t i (in cal. ka BP). The LTI parameterization scheme encapsulates the response at each site in a natural oscillation frequency ω n (in radians per kilo year) and a relative damping factor ζ (dimensionless). We iteratively estimated best fits for t i , ω n , and ζ in 10 6
Monte Carlo simulations for each ln(Ti/Sr) time series in a least square approach. Because of the repeated occurrence of aragonite in the record of Lake HH, ln(Ti/Sr) < À0.67 were not considered in the modeling routine. Since the orthorhombic crystal lattice of aragonite favors Sr coprecipitation, a shift in the dominant authigenic mineral phase between calcite and aragonite results in sudden jumps in ln(Ti/Sr) time series, which are unrelated to the millennial scale dynamics of the records.
The results indicate an accurate match between proxy records and model simulations for millennial-scale dynamics during transient phases (Figures 3a-3f) , with an average root mean square error of 0.18 (NC), 0.54 (TY), and 0.26 (HH). The initiations t i fall within the 2σ uncertainty range for all three lakes (Figure 3b) , indicating a simultaneous change in external boundary conditions on the Tibetan Plateau between 11.6 and 11.9 cal. ka BP. The site-specific response at each site is expressed by significant differences in ω n (NC = 1.44 ± 0.11, TY = 3.84 ± 0.89, HH = 0.97 ± 0.11; supporting information S6), while best fit ζ overlap in 2σ confidence limits (NC = 0.20 ± 0.1, TY = 0.25 ± 0.1, HH = 0.16 ± 0.06; supporting information S7).
Discussion
The simultaneous step change in the forcing function indicates an abrupt and persistent change in external boundary conditions of the three drainage basins between 11.6 and 11.9 ka BP (Figure 3 ). The external boundary conditions of landscapes are ultimately determined by the interplay between climate and tectonics (Allen, 2008a) . However, displacement rates of alluvial surfaces in the central Kunlun fault system (Van Der Woerd et al., 2002) as well as erosion rates on the southern Tibetan Plateau (Lal et al., 2004) indicate uniform slip and uplift rates for the study areas during the time span of our investigation. Therefore, a tectonic origin of the abrupt change in external boundary conditions is unlikely. Interestingly, the simultaneous change in the forcing function coincides with the termination of the Younger Dryas cold period around 11.65 ± 0.1 ka BP (Walker et al., 2009) (Figure 4 ). The termination of this cold period has been associated with rapid atmospheric reorganization on the Northern Hemisphere, including rising temperatures in Greenland (Andersen et al., 2004 ) and major wind shifts over the European continent (Brauer et al., 2008) . This reorganization has also been evidenced in both continental and marine climate archives of the Asian continent by an abrupt intensification of monsoonal precipitation (Dykoski et al., 2005; Herzschuh, 2006; Mohtadi et al., 2014; Wang, 2001 ). Hence, we interpret the step function to reflect an instantaneous shift from glacial to full interglacial climate conditions on the Northern Hemisphere associated with rising Northern Hemispheric temperatures ( Figure 4a ) and an abrupt intensification of the Asian Monsoon circulation (Figure 4b ).
The abrupt increase in temperatures and seasonal precipitation at the termination of the Younger Dryas triggered a transient response in sediment supply in the drainage basins of NC, TY, and HH, characterized by damped oscillations between the deposition of siliciclastic and authigenic sediments. A lake internal origin of these oscillations is unlikely, since neither Holocene changes in water chemistry nor lake level fluctuations exhibit similar variations at lake NC and TY (Ahlborn et al., 2017; Alivernini et al., 2018; Günther et al., 2015) . A lake external origin, in turn, is supported by hydrochemical comparisons between solute concentrations in lake and inflowing waters at NC and TY, which suggest bedrock weathering and transfer by surface and groundwater runoff as primary source of solutes in lake waters (Qiao et al., 2017; Wang et al., 2010) . The lakes are strongly depleted in Ca 2+ and HCO 3À resulting in high carbonate precipitation rates (Qiao et al., 2017; J. Wang et al., 2010) and low residence times of alkaline elements in lake waters. Hence, we interpret the oscillations to reflect a feedback between the supply of particulate and solute materials from catchment source areas, which is only possible at the time of sediment release from catchment regolith by erosional processes.
The inferred response model describes particulate and solute supply processes as a feedback loop between two system variables x 1 and x 2 (equation (7)). We interpret the feedback loop to represent an interaction between physical and chemical erosion processes, in which an increase in physical erosion is followed by delayed increases in chemical denudation and vice versa. Although the coupled feedback between both processes has not yet been described, their one-sided effects on each other are well known. Physical erosion is attributed to expose fresh mineral surfaces to dissolution processes (Gabet & Mudd, 2009) and to alter the rock mineral abundances within the regolith, leading to a delayed increase in chemical denudation rates (Ferrier & Kirchner, 2008; Ferrier & West, 2017) . Chemical denudation, in turn, is attributed to alter the mineral spectrum of a regolith by dissolution of primary minerals and to reduce shear resistance of catchment regolith (Heimsath, 2012) , increasing the susceptibility to physical erosion. Since the intensity of both, physical erosion and chemical denudation rates, are explicitly linked to the effective regolith height (Ferrier & Kirchner, 2008; Ferrier & West, 2017; Gabet & Mudd, 2009; Heimsath, 2012) , we attribute the decay in oscillations to a loss of regolith during the erosion processes and a settlement to steady-state erosion-production rates (Figures 4c-4e ).
Through inverse modeling of lacustrine proxy records, we identified identical, yet asynchronous responses in sediment supply to common climate forcing at all sites. The key differentiation between the sites is the duration of the transitional phase (Figures 4c-4e ) following synchronous climatic change. Our model results suggest that this duration is mainly connected to differences in the natural frequency (ω n ) of oscillations. Since response times of landscapes in general depend on the efficiency of the erosional system of a landscape (Allen, 2008b) , we interpret ω n to reflect a topographic efficiency (see Figure 1 ) to adapt erosion and sediment-transport mechanisms to climatic forcing. The characteristic responses result from a feedback between physical and chemical denudation leading to harmonic oscillations between clastic and chemical sediment supply. While the inverse modeling approach presented here elucidated the site specificprocess system in sediment supply at all sites, further process studies and forward modeling approaches are needed to identify a quantitative process model.
Conclusion
Our results show that oscillations recorded by proxy data related to sediment supply reflect landscape-internal fluctuations in responses to climate change. Relative variations of particulate and solute sediment transport recorded in lacustrine sediments do not necessarily mirror oscillations of climate forcing but reveal a feedback between chemical and physical denudation processes in the drainage basins. We demonstrate that inverse modeling based on sedimentary records is crucial to identify and characterize sedimentary responses but trouble straightforward climate reading of sediment records. The response model of physical and chemical denudation presented here describes fundamental processes in landscape evolution, operating at a wide range of scales and landscapes. However, different parent lithology, climate conditions, or vegetation cover might cause a range of yet unidentified dynamics under different environmental conditions. We suggest that our dynamical system approach to inversely model proxy records can lead to an identification of a suitable landscape response model and the inference of a common climate forcing function. Moreover, it allows for a data-based quantification of process response times, which in case of the erosional feedback presented here can be inferred from catchment characteristics. (Andersen et al., 2004) . (b) Strength of the Asian monsoon indicated by the stable isotope record of the Dongge cave speleothem (Dykoski et al., 2005) . (c)-(e) Model prediction of proxy responses indicated by relative variations of solute and particulate sediment supply (alr sim ) for landscape configuration similar to Tangra Yumco (c), Nam Co (d), and Heihai (e). The prediction assumes an abrupt YD-Holocene climate transition at 11.65 cal. ka BP (t i ) resulting in a stepwise increase in erosion potential. Increased erosion, in turn, leads to oscillations in particulate and solute sediment supply due to a feedback between physical erosion and chemical denudation. However, each landscape configuration reveals its own transient time (t r ) before steady-state conditions (t s ) adapted to the Holocene climate are reached (black circles). The steady state is reached if the variation in alr sim remains within ±5% of the final steady-state value (horizontal lines).
